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I. INTRODUCTION
Quantum-spin chains with frustrated exchange interactions were among the most interesting issues for both experimental and theoretical research in condensed-matter physics of the past decade [1] [2] [3] . The enhanced effect of quantum fluctuations imposed upon a fine balance of exchange interactions leads to a variety of novel ground states and phase transformations in these systems [4] [5] [6] [7] . LiCuVO 4 is an example of a quasi-one-dimensional (1D) magnet whose unconventional magnetic phases result from a competition of ferromagnetic and antiferromagnetic exchange interactions between nearest-neighbor (J 1 ) and next-nearest-neighbor (J 2 ) in-chain spins. As a result of this particular combination of exchange interactions a helical incommensurate spin structure is stabilized in this system below T N ≈ 2.3 K [8] . A strong reduction in the ordered spin component of Cu 2+ ions in this state μ /μ B 0.3 (Refs. [8, 9] ) provides evidence that the system partially retains properties of 1D chains.
Moderate applied magnetic fields of 7 to 8 T induce a transformation of the spin helix into a collinear spin-modulated (SM) structure in which all the spins are parallel to the field with their ordered components oscillating along the chain with an incommensurate period. This transition may be related to the field evolution of short-range chiral (transverse) and spin-density wave (longitudinal) correlations for the 1D J 1 -J 2 model [10] .
In the field range just below the saturation field (μ 0 H sat 45 T) (Ref. [11] ) the theory predicts the presence of a long-range nematic ordering [7, 12] . The magnetic properties of LiCuVO 4 in this field range were studied by pulse magnetization and nuclear magnetic resonance (NMR) techniques [11, 13] . These experiments determined the field range where the spin nematic phase can exist.
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The helical state occurs at low fields up to about 7 T via a sharp λ anomaly in the specific heat curves followed by C p ∝ T 3 three-dimensional (3D) behavior at lower temperatures. The transition into a SM phase at higher fields is accompanied by a humplike anomaly which, as the temperature decreases further turns into a C p ∝ T 2 law distinctive for a quasi-twodimensional (2D) system. We suggest an explanation for how nonmagnetic defects in the Cu 2+ chains can suppress 3D long-range ordering in the SM phase and leave it undisturbed in the helical phase. This model eliminates the existing discrepancy in interpretations of NMR (Refs. [13] [14] [15] ) and neutron-scattering measurements [16] . It also provides clear experimental evidence that further analysis of the phase diagram of LiCuVO 4 in the vicinity of the saturation field is required.
II. EXPERIMENTAL RESULTS
Single crystals of LiCuVO 4 grown by the methods described in Ref. [17] belong to the same series as the ones studied in our previous high-field NMR experiments [13] . The main part of the specific heat measurements were carried out in the Tallahassee National High Magnetic Field Laboratory with the use of a homemade relaxation-type calorimeter operating at temperatures 1.8-30 K in magnetic fields up to 35 T. Supplementary measurements were performed on a Quantum Design Physical Property Measurement System (PPMS) with a 3 He insert and a 9-T cryomagnet. The samples of 0.67 and 5.8 mg by mass were studied in the first and the second experiments, respectively. The magnetic field was applied along the c axis of the crystal.
Zero-field results obtained in both experiments and presented in Fig. 1 total heat capacity of about 3%, 8%, and 20% at T = 5, 10, and 15 K, respectively, shown by the error bars in the lower panel of Fig. 1 . Within these bounds our data conform with previous measurements [19, 20] . This panel shows a comparison between the magnetic part of the specific heat C m (T ) obtained at zero field and at a field of 9 T in the PPMS measurements. No significant difference between the two curves is observed in the high-temperature range. All the data in the lower panel of Fig. 1 exhibit temperature dependences C m ∝ T in the range of 5-10 K providing evidence for the presence of 1D short-range correlations in the spin chains. The linear in temperature section of a zero-field curve is followed by a sharp λ anomaly at the transition into a 3D helical phase at T N = (2.27 ± 0.03) K in agreement with a number of previous studies [8, 9] . The inset to the lower panel of Fig. 1 presenting C m /T (T ) curves at various fields traces the evolution of this transition shifting to low temperatures as the field increases. For the field μ 0 H = 9 T which is greater than the field of the transition into a SM phase a λ anomaly is replaced by a humplike feature followed by a C m ∝ T 2 dependence towards lower temperatures. This curve slightly deviates from the square law at lowest temperatures. ; the inset shows the boundary of the helical state obtained from both the PPMS and the high-field measurements (conforming with the previous study Ref. [21] ), and the line is a guide to the eye. This low-temperature part of the data requires more careful investigation and is expanded in the upper panel of Fig. 2 . The phase transition at zero field is followed by a distinct C m ∝ T 3 behavior of the specific heat with a small linear contribution revealing itself at the lowest temperature (the corresponding fit is presented in Fig. 2) . Shifting of the Néel temperature under magnetic field (T N values are annotated in the upper panel and shown by open circles in the inset to the lower panel) is accompanied by the increase in this low-T contribution. In the absence of the transition peak at μ 0 H = 9 T the high-T linear part of the curve is converted into a quasi-2D C m ∝ T 2 law extending for half a decade by temperature (see linear fit to the C m /T curve for 9 T). The low-T rise of this curve might indicate the proximity to a 3D transition. Extrapolation of the phase boundary μ 0 H c2 (T N ) (see the inset to the lower panel of Fig. 2 ) to zero temperature gives the value μ 0 H c2 (0) 9 T. Alternatively, this rise could be attributed to the specific heat of the Cu nuclei (the corresponding curve estimated for the external field 10 T and zero hyperfine field is shown in Fig. 2) . In any case, the total entropy evolved in the process of low-T disordering does not depend on the external field in this field range: The corresponding functions obtained by integration of C m /T (T ) curves converge at temperatures above the ordering transition at zero field. A further increase in the applied magnetic field leads to a considerable change in the specific heat behavior (see Fig. 3 ). A broad hump in the C m /T vs T curve preceding the formation of static 2D correlations shifts to somewhat higher temperatures, whereas the quasi-1D linear part (constant for C m /T ) breaks down at fields above 20 T. It is replaced by another broad feature merging with the first one at a maximum experimental field of 33 T. Two scans in an applied magnetic field performed at constant temperature below (1.55 K) and above (5.2 K) the ordering transition T N = 2.27 K at (H = 0) are presented in the inset to Fig. 3 . The low-T curve has a sharp peak associated with the transition from a helical phase at μ 0 H c2 = 6.0 T followed by a gradual decrease in magnitude towards higher fields. The specific heat reaches its minimum around 20 T and then starts to increase as the field enters the range of critical fluctuations near saturation. In contrast, the high-T curve demonstrates a crossover from a nearly constant to a linear field dependence C/T (H ) (the fit is shown by the solid line) extending to about 25 T. The final downturn of the specific heat developing at fields above 30 T indicates the approach of the system to the saturated state.
III. DISCUSSION
We will now discuss the specific heat data obtained for high-quality single-crystal samples of LiCuVO 4 at field and temperatures of spin-liquid and ordered helical and SM phases. The specific heat in the spin-liquid phase for temperatures of 5 T 10 K is a nearly linear function of T at low fields (H H sat /4) and becomes nonlinear at higher fields. The observed evolution is in qualitative agreement with numerical results obtained for a Heisenberg S = 1 2 chain model [22] . The temperature dependence of the specific heat in the ordered helical state can be roughly approximated as a sum of linear and C m ∝ T 3 terms whereas for the SM state the cubic term is replaced by the C m ∝ T 2 contribution. Different exponents in power laws point to 3D and quasi-2D properties, respectively, of these phases confirming that the antiferromagnetic ordering between neighboring ab planes in the SM structure is destroyed. This effect was previously reported in neutronscattering and NMR measurements [16, 23] . The replacement of a sharp λ anomaly at the transition to the helical state by a broad feature at the crossover to the SM state gives another hint of this change.
In the following we propose a qualitative model to explain this different dimensional behavior by considering the effect of a nonmagnetic impurity. A composition study of LiCuVO 4 reveals a Li deficiency of a few percent even in crystals grown using the low-temperature technique which provides crystals of the highest perfection. It was argued that the Li deficiency results in holes with spins S = 1 2 localized on oxygen which in turn form a Zhang-Rice singlet with the neighboring copper spin [17, 24] . Such a singlet should be equivalent to a nonmagnetic impurity replacing a Cu spin and will provoke an unusual magnetic state in its vicinity with the two nearest ferromagnetic exchange bonds removed but with a conserved antiferromagnetic bond between the two parts of the interrupted chain. The presence of such defects in LiCuVO 4 single crystals of the same series as in this paper was suggested in order to explain the bulk magnetization process as well as the vanadium NMR spectra in the vicinity of the saturation field [13] . A schematic of helical and SM spin chains broken by a nonmagnetic defect is shown in Fig. 4 . In contrast to a spin chain with only a nearestneighbor exchange interaction, the frustrated J 1 -J 2 chain is not fully broken by a nonmagnetic impurity. The magnetic moments on both sides of the defect are coupled by indirect antiferromagnetic exchange interaction leading to a local distortion and phase shift of an incommensurate exchange structure.
Obviously, the presence of this type of defect does not significantly disturb the helical magnetic structure in LiCuVO 4 since the incommensurate wave vector of the helix k ic = 0.468 × 2π/b (the unit cell of LiCuVO 4 contains two magnetic ions of Cu) corresponds to the angle between next-nearest-neighbor spins close to π [see Fig. 4(a) ] and does not depend on the applied field. A residual phase shift of a helical structure near the defect may be eliminated due to an intrachain exchange interaction so that the initial 3D long-range ordering is not suppressed. In contrast, the influence of defects on the SM ordering is expected to be more pronounced for the following reasons. The wave vector of a SM structure in a 1D J 1 -J 2 model is field dependent and expressed as follows: [1, [3] [4] [5] [6] . This relation has been traced experimentally in the field range below 15 T (Refs. [16, 25] ), and therefore, the value k ic is significantly less than π/b at all fields above H c2 . The elongation of the spin-modulation period along the chain in the field leads to a random shift of its phase at each defect [see Fig. 4(b) , the scheme of the moment distribution over the chain is presented for μ 0 H 20 T]. The boundary conditions for spins at both ends of a finite chain should depend on its length leading to an uncertainty in the phase shift of an incommensurate structure due to a random distribution of the vacancies. As in the case of a helical structure, the effect of intrachain exchange interactions is to restore these broken correlations and establish a 3D ordering. Taking into account the hierarchy of exchange parameters (the interaction between c planes is the smallest one) correlations between spins in neighboring ab planes are hindered, and the system remains in an effectively 2D ordered state. A similar suppression of 3D ordering was observed in the quasi-2D helical systems LiCu 2 O 2 and CuCrO 2 doped with nonmagnetic impurities [26, 27] . Our scenario, implying the arbitrary phase shift of the incommensurate structure at the defect was also considered for LiCu 2 O 2 . The main differences of our model are in: (i) the quasi-1D nature of the spin system in LiCuVO 4 which amplifies the distortions due to random phase shifts and (ii) the peculiar wave-vector value of a helical structure (close to π/2) which leaves it nearly undisturbed by impurities whereas an incommensurate SM structure is strongly influenced by defects.
IV. CONCLUSIONS
In conclusion, a specific heat experiment was performed on high-quality single crystals of LiCuVO 4 . The results show that although a helical spin state observed in the low-field range H < H c2 clearly demonstrates 3D magnetic ordering, the field-induced magnetic phase at H > H c2 has properties peculiar to a quasi-2D system. We propose a simple model to describe how nonmagnetic defects in the Cu 2+ chains can destroy 3D long-range ordering in a SM phase but leave it undisturbed in the helical phase. In addition, the proposed model allows one to simultaneously explain the results of both NMR (Refs. [13] [14] [15] ) and neutron-scattering measurements (Ref. [16] ) resolving the existing discrepancy in their interpretations. According to NMR data, the magnetic phases at both sides of H c2 are dipolar so that the average values of the magnetic moments of the Cu ions are nonzero on the timescale of the NMR experiment (∼ 0.1 s in T 1 timerelaxation measurements). This proves the presence of static magnetic correlations and precludes an identification of the spin-nematic state, assumed in Ref. [16] for higher magnetic fields H > H c2 . Nevertheless, the short-range character of these correlations especially in the direction perpendicular to the ab planes detected in neutron-diffraction patterns can be understood using the above model describing the suppression of a 3D long-range order by nonmagnetic defects. Further specific heat experiments extending to the vicinity of the saturation field (about 45 T) are especially interesting in the prospect of possible observation of the transition from a SM into a theoretically predicted quadrupole nematic state.
